Data in Brief 13 (2017) 408-414

Contents lists available at ScienceDirect

Data in Brief

journal homepage: www.elsevier.com/locate/dib

Data Article

Residual stress measurements via neutron @CmssMark
diffraction of additive manufactured stainless
steel 17-4 PH

Mohammad Masoomi ¢, Nima Shamsaei %, Robert A. Winholtz °,
Justin L. Milner ¢, Thomas Gnaupel-Herold ¢, Alaa Elwany ¢,
Mohamad Mahmoudi ¢, Scott M. Thompson **

2 Laboratory for Fatigue & Additive Manufacturing Excellence (FAME), Department of Mechanical
Engineering, Auburn University, Auburn, AL 36849, United States

b Department of Mechanical & Aerospace Engineering, University of Missouri, Columbia, MO 65211, United
States

¢ Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899,
United States

d Department of Industrial and Systems Engineering, Texas A&’M University, College Station, TX 77843,
United States

ARTICLE INFO ABSTRACT

Article history: Neutron diffraction was employed to measure internal residual
Received 24 April 2017 stresses at various locations along stainless steel (SS) 17-4 PH
Received in revised form specimens additively manufactured via laser-powder bed fusion
29 May 2017 (L-PBF). Of these specimens, two were rods (diameter=8 mm,

Accepted 13 June 2017

Available oniine 16 June 2017 length=80 mm) built vertically upward and one a parallelepiped

(8 x 80 x 9 mm?>) built with its longest edge parallel to ground.
Keywords: ) One rod and the parallelepiped were left in their as-built condi-
/s\dldltl've ma““fa“;'r,‘“g s tion, while the other rod was heat treated. Data presented provide
elective Laser Melting (SLM) insight into the microstructural characteristics of typical L-PBF SS

Powder bed fusion . . . . .
Residual stress 17-4 PH specimens and their dependence on build orientation and
Heat treatment, microstructure post-processing procedures such as heat treatment. Data have
been deposited in the Data in Brief Dataverse repository

(doi:10.7910/DVN/T41S3V).

© 2017 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

* Correspondence to: Department of Mechanical Engineering, 1418 Wiggins Hall, 354 War Eagle Way, Auburn, AL 36849,
United States.
E-mail address: smthompson@auburn.edu (S.M. Thompson).

http://dx.doi.org/10.1016/j.dib.2017.06.027
2352-3409/© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


www.sciencedirect.com/science/journal/23523409
www.elsevier.com/locate/dib
http://dx.doi.org/10.1016/j.dib.2017.06.027
http://dx.doi.org/10.1016/j.dib.2017.06.027
http://dx.doi.org/10.1016/j.dib.2017.06.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dib.2017.06.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dib.2017.06.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dib.2017.06.027&domain=pdf
mailto:smthompson@auburn.edu
http://dx.doi.org/10.1016/j.dib.2017.06.027

M. Masoomi et al. / Data in Brief 13 (2017) 408-414 409

Specifications Table

Subject area
More specific
subject area
Type of data
How data was
acquired
Data format
Experimental
factors

Experimental

features

Data source
location

Data accessibility

Mechanical Engineering
Additive Manufacturing

Tables; Graphs; Excel Worksheets

Neutron diffraction, BT8 neutron diffractometer at National Institute of Stan-
dards and Technology (NIST) Center for Neutron Research (CNR)

Raw and analyzed

Three stainless steel (SS) 17-4 PH specimens were fabricated from gas-
atomized powder using laser powder bed fusion (L-PBF). Optimized process
parameters were employed to generate two vertical rods and a similar-
dimensioned, horizontal parallelepiped. Specimens were removed from the
build plate using electrical discharge machining (EDM). Heat treatments
(solution annealing and aging) were applied to one of the as-built, cylindrical
specimens. The other two specimens remained in their as-built condition.
Specimen surfaces were cleaned.

Residual stresses at specific locations along the radius and length of cylindrical
rods and the x,y,z directions for the parallelepiped were measured using
neutron diffraction. Effects of heat treatment and build direction on the resi-
dual stress distribution in L-PBF SS 17-4 PH may be determined using the
presented tables and plots.

NIST CNR, Gaithersburg, Maryland, USA

Data have been deposited in the Data in Brief Dataverse repository
(doi:10.7910/DVN/T41S3V).
https://dataverse.harvard.edu/dataset.xhtml?persistentld =doi: 10.7910/DVN/
T41S3V

Value of data

Residual stress can lead to premature fatigue failure and deformation of parts. Therefore, under-
standing and characterizing residual stress is important for ensuring part reliability. Data provided
aid in characterizing residual stress distributions in specimens fabricated via laser powder bed
fusion (L-PBF) and other directed energy, powder-based additive manufacturing (AM) methods.
Data can be used to explain fatigue and deformation behavior of AM parts observed by others.
Data demonstrate effects of heat treatment and building orientation on residual stress distributions
in stainless steel (SS) 17-4 PH specimens made via L-PBF.

Data provide a means to generate and validate numerical and/or analytical thermomechanical
models for their prediction of residual stress in AM parts.

Data can be used as an educational tool for learning how to calculate residual stresses given raw
measurements obtained via neutron diffraction of metals.

Data may be compared with residual stress measurements found via other techniques.

1. Data

The residual stress within heat treated and as-built (or, ‘as-is’) stainless steel (SS) 17-4 PH speci-
mens fabricated via laser powder bed fusion (L-PBF) were measured using neutron diffraction at
NIST's Center for Neutron Research (CNR). The presented data include measured lattice strains (i.e.
d-spacings), stress-free lattice spacings (do) and hoop/axial (or x-,y-,z-component) residual stress
calculations. Uncertainties associated with residual stress measurements are estimated and also
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provided. All results are presented in the form of tables and plots in multiple Excel worksheets. Three
specimens were analyzed and their corresponding measurements are grouped by tab color, i.e.:
vertical as-is (i.e. as-built) rod (color code=red), vertical/heat-treated as-is rod (color code = blue),
and the horizontal as-is parallelepiped (color code=yellow). Comment boxes are provided in the
Excel sheets with instructions on how to replicate calculations using X-ray diffraction data analysis
software. Data are supported with schematics that indicate the diffraction locations and manu-
facturing scan patterns.

2. Experimental design, materials and methods

A PHENIX PM-100 Selective Laser Melting (SLM) system equipped with a 50 W Nd:YAG laser was
utilized for the L-PBF of specimens from gas-atomized, stainless steel (SS) 17-4 PH powder (Phenix
Systems) feedstock. The powder feedstock possessed a size distribution of: 10 pm < D50 < 13.5 pm
and D80 < 22 pm [1]. All specimens were built together on the same, non-heated substrate within an
argon-purged environment. Two vertical rods and a horizontal parallelepiped were manufactured.
The cylindrical specimens were approximately 8 mm in diameter and 80 mm in height. Each layer of
the parallelepiped possessed dimensions of 8 x 80 mm? and its total height was 9 mm. Process
parameters (i.e. laser power, scanning speed, layer thickness, and hatching pitch) were optimized to
obtain an acceptable level of final part density using a design of experiments methodology [1]. The
final process parameters used, which are summarized in Table 1, included: laser power of 48 W,
traverse speed of 300 mm/s, layer thickness of 30 pm, and hatch spacing of 50 pm.

Default scan strategies were used for fabricating each specimen. For the vertical rods, the laser
started at the top left region of the first layer as shown in Fig. 1(a). The laser then moved back and
forth in a hatching pattern until the layer was complete. For the second layer, the same hatch pattern
was repeated; only it was rotated 90° clockwise, as shown in Fig. 1(b). The scan patterns for the third
and fourth layers were similar, however, they were rotated 180° and 270° clockwise relative to the
first scanning directions, as shown Fig. 1(c) and (d). This scan strategy was repeated after completion
of the fourth layer until the end of the build. For the parallelepiped, the scan strategy consisted of
building several, equal-sized hexagonal regions (~5 mm in length) in a random order. The hexagonal
scan strategy varied with each layer as shown in Fig. 2. The layer-wise scanning strategy outlined in
Fig. 2 was repeated after completion of every 6th layer.

Electrical discharge machining (EDM) was employed to remove specimens from the substrate.
Samples were not thermally stress relieved prior to their removal. In order to investigate the effect of
heat treatment, one of the as-built rods underwent solution annealing (Condition A) followed by
peak-aging (Condition H900) [2]. The final microstructures consisted of a mixture of ferrite and
austenite. All specimen surfaces were cleaned of any loose powder.

Lattice strains (i.e. d-spacings) were measured along orthogonal directions at pre-selected
1 x 1 x 1 mm? regions (i.e. gage volumes) of the specimens using the BT8 neutron diffractometer at

Table 1
Parameters used for fabricating specimens.

Powder and substrate material SS 17-4 PH

Powder description Gas-atomized, air-dried
Powder size distribution 10 pm < D50 < 13.5 pm
Powder layer thickness 30 pm

Hatch spacing 50 pm

Laser spot diameter 70 pm

Laser power 48 W

Laser wavelength 1075 nm

Scan speed 300 mmy/s

Shielding gas type Argon

Shielding gas temperature 20 °C

Shielding gas flow rate 167 cm®/s

Substrate temperature 20°C
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Fig. 1. Scan strategy for vertical sample for the first through fourth layers (a)-(d), respectively. Successive layers are a repeat of
these four in the same order.

+ End track

NIST's CNR. Employed neutrons originated from a continuous, cold source. The BT8 residual stress
diffractometer possessed three monochromators and a rotating drum (for inspecting multiple spe-

cimen orientations) to allow for wavelength variation between 0.8 and 3.2 /e\ and measurement of d-

spacings between 0.56 and 2. 26/e\ The neutron beam wavelength was set to 1. 637@ An Ordela 1150
position sensitive neutron detector with an angular opening of approximately 8° was employed. The
adopted measurement method used several pole figures for each phase, which in this case was
austenite and ferrite, to obtain an orientation average of the hkl-dependent peak intensity [3]. The
techniques used herein are explained in detail elsewhere [4,5].

Residual stresses were calculated using Bragg's law with many of the coefficients provided in
Columns J-W in the Excel worksheets. Due to the weak attenuation of neutrons, their penetration
depth is higher than X-rays [4]. Diffraction from the {311} planes at 260=95.89° and {211} planes at
20=88.77° were used for analyzing the austenite and ferrite phases, respectively. It took approxi-
mately 1 hour to collect neutron diffraction data per diffraction peak. Due to time constraints, it was
not possible to perform the elastic constants measurements. Instead, the isotropic diffraction elastic
constants were calculated using the Kroner model as described in [6]. Note that each gage volume
consists of approximately 33 layers, thus residual stress measurements are spatially averaged.

The stress-free lattice spacing, do, was calculated for each sample by utilizing near-surface mea-
surements where the stress component normal to the surface can be presumed to be zero. In this
case, radial stresses for cylindrical samples were presumed to be zero near the surface. This was done
for each phase, and the weighted average was calculated. For the parallelepiped, do was estimated
from measurements with locations close to surfaces in which either o4x=0 or 6,,=0 was applicable,
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Fig. 3. Measurement locations for (a) as-built and heat-treated cylindrical specimens and (b) as-built horizontal parallelepiped
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Table 2
Residual stress and its uncertainty for vertical as-is sample.

Point # Average hoop Uncertainty Average axial Uncertainty
(MPa) (MPa) (MPa) (MPa)
1 37.8 15.2 —-524 144
2 —-23.3 16.0 —-35.3 15.9
3 35.2 13.8 —141 13.7
4 -18 13.0 -16.7 133
5 -31 12.9 —26.8 1.3
6 52.6 12.5 59.8 134
7 16.0 131 —-234 12.8
8 73 11.7 —84.7 11.8
Table 3

Residual stress and its uncertainty for vertical heat-treated sample.

Point # Average hoop Uncertainty Average axial Uncertainty
(MPa) (MPa) (MPa) (MPa)
1 —384 18.8 -336 17.0
2 25.9 174 -5.8 16.4
3 -274 18.8 8.4 18.4
4 -9.7 18.1 4.4 16.5
5 -10.5 16.2 —-24 13.6
6 24.2 14.9 39.7 12.5
7 38.5 19.3 8.6 18.5
8 —148.8 18.1 -22.0 179

Fig. 3(b). Four different estimates for do were obtained, and the average was taken, thus obtaining a
single do for each phase. This is a common method for circumventing the do problem [7]. The do
calculations for the parallelepiped have a dedicated tab in the Excel file: “S3 dy”". The presence of a
third phase due to precipitation hardening was not accounted for and therefore presents an unre-
solved uncertainty.

Measurement locations are presented in Fig. 3. Gage volumes were distributed along the y
(radial) and z (axial) axes for cylindrical samples to find residual stress trends in these directions. As
shown in Fig. 3(a), four measurement locations, #3, #4, #5 and #6, were distributed along the radial
direction and five measurement locations were distributed along the axial direction, #1, #2, #3, #7
and #8. For the parallelepiped, 7, 5 and 9 measurement locations were distributed along the x, y and
z directions, respectively. The gage volumes were evenly spaced in each direction. In Table 2, the
hoop and axial stresses along with their uncertainties for the as-built rod are presented. In Table 3,
the residual stress for these same points are presented for the heat-treated rod. Finally, the Car-
tesian component residual stresses for the as-is, horizontal parallelepiped at the aforementioned
measurement locations are presented in Table 4.

The results in the spreadsheet can be reproduced by downloading PeakFit (PF) at https://www.
ncnr.nist.gov/instruments/bt8/PF.zip and pasting the spreadsheet contents into the stress calculation
worksheet. When doing this, 'DO' should be a fixed parameter, all other stresses should be “free” or
unchecked. There are comment boxes in the Excel sheet providing instructions.

3. Disclaimer

An author of this article is currently serving on the editorial board of Data in Brief. Accordingly, the
editorial and peer review process for this article was not handled by this author. Furthermore, all
authors of this article do not have access to any confidential information related to its peer-review
process.
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Table 4
Residual stress and its uncertainty for horizontal as-is sample.

Point # oxx (MPa) Uncertainty (MPa) oyy (MPa) Uncertainty (MPa) 64, (MPa) Uncertainty (MPa)

1 —-348 23.3 783 20.0 —-57.7 209
2 —531 24.8 275 204 -112.5 22.7
3 16.6 276 58.9 219 124.4 20.8
4 -216 26.9 1.0 215 —272 212
5 441 26.0 60.2 20.8 -75 21.8
6 -98 17.1 -111 14.6 —61.2 16.3
7 —11 20.6 —54 203 —67.2 20.8
8 -114 17.6 0.8 18.6 —~20.4 19.2
9 —46 17.5 2.7 20.1 112.7 18.2
10 153.3 25.2 104.3 25.5 —-82.0 241
1 53.3 19.5 60.9 18.6 -10.3 16.5
12 347 203 49.7 18.8 -39 18.2
13 —33.2 254 -97 20.5 —64.0 231
14 ~50.5 25.3 -213 21.8 —~715 28.0
15 —-26.8 218 16.9 20.5 —48.0 25.8
16 703 211 71.9 20.0 16.3 25.7
17 223.6 222 145.5 231 50.4 26.6
18 —49.8 24.6 -303 211 —-785 25.7
19 13 24.4 —-30.5 20.7 —411 252
Acknowledgements

This work was supported by the National Science Foundation under Grant #1657195. We
acknowledge the support of the National Institute of Standards and Technology, U.S. Department of
Commerce, in providing the neutron research facilities used in this work.

Transparency document. supporting information

Transparency data associated with this article can be found in the online version at http://dx.doi.
org/10.1016/j.dib.2017.06.027.

References

[1] A.M. Aboutaleb, L. Bian, A. Elwany, N. Shamsaei, S.M. Thompson, G. Tapia, Accelerated process optimization for laser-based
additive manufacturing by leveraging similar prior studies, IIE Trans. (2017), http://dx.doi.org/10.1080/
0740817X.2016.1189629.

[2] A.S.M. Handbook, Heat Treating, vol. 4, ASM International Mater. Park. OH., 1991.

[3] T. Gndupel-Herold, A. Creuziger, Diffraction study of the retained austenite content in TRIP steels, Mater. Sci. Eng. A 528
(2011) 3594-3600. http://dx.doi.org/10.1016/j.msea.2011.01.030.

[4] PJ. Withers, H.K.D.H. Bhadeshia, Residual stress. Part 1 - measurement techniques, Mater. Sci. Technol. 17 (2001) 355-365.
http://dx.doi.org/10.1179/026708301101509980.

[5] AJ. Allen, M.T. Hutchings, C.G. Windsor, C. Andreani, Neutron diffraction methods for the study of residual stress fields, Adv.
Phys. 34 (1985) 445-473. http://dx.doi.org/10.1080/00018738500101791.

[6] T. Gndupel-Herold, ISODEC: software for calculating diffraction elastic constants, ]J. Appl. Crystallogr. 45 (2012) 573-574.
http://dx.doi.org/10.1107/S0021889812014252.

[7] PJ. Withers, M. Preuss, A. Steuwer, JW.L. Pang, Methods for obtaining the strain-free lattice parameter when
using diffraction to determine residual stress, ]J. Appl. Crystallogr. 40 (2007) 891-904. http://dx.doi.org/10.1107/
$00218898070302609.


dx.doi.org/10.1016/j.dib.2017.06.027
dx.doi.org/10.1016/j.dib.2017.06.027
http://dx.doi.org/10.1080/0740817X.2016.1189629
http://dx.doi.org/10.1080/0740817X.2016.1189629
http://dx.doi.org/10.1080/0740817X.2016.1189629
http://dx.doi.org/10.1080/0740817X.2016.1189629
http://dx.doi.org/10.1016/j.msea.2011.01.030
http://dx.doi.org/10.1016/j.msea.2011.01.030
http://dx.doi.org/10.1016/j.msea.2011.01.030
http://dx.doi.org/10.1179/026708301101509980
http://dx.doi.org/10.1179/026708301101509980
http://dx.doi.org/10.1179/026708301101509980
http://dx.doi.org/10.1080/00018738500101791
http://dx.doi.org/10.1080/00018738500101791
http://dx.doi.org/10.1080/00018738500101791
http://dx.doi.org/10.1107/S0021889812014252
http://dx.doi.org/10.1107/S0021889812014252
http://dx.doi.org/10.1107/S0021889812014252
http://dx.doi.org/10.1107/S0021889807030269
http://dx.doi.org/10.1107/S0021889807030269
http://dx.doi.org/10.1107/S0021889807030269
http://dx.doi.org/10.1107/S0021889807030269

	Residual stress measurements via neutron diffraction of additive manufactured stainless steel 17-4 PH
	Data
	Experimental design, materials and methods
	Disclaimer
	Acknowledgements
	supporting information
	References




